The influence of Ag addition on microstructure and thermal properties of the Cu10%Al-8%Mn alloy was investigated in this work. Two alloys with designed compositions Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag (in wt.%) were prepared by induction melting of pure metals. Microstructures of the prepared samples were investigated in the as-cast state, after homogenization annealing and after quenching.
Introduction
Cu-based shape memory alloys (SMAs) show good shape memory properties, high electrical and thermal conductivity, are easier to produce and process and have lower production cost comparing to Ni-Ti-based SMAs [1, 2] .
The shape memory effect in the Cu-based SMAs is based on martensitic transformation (MT) which is a diffusionless and reversible solid-state phase transformation [2] [3] [4] . It occurs between the high-temperature austenite phase and the low-temperature martensite phase [3] [4] .
During cooling, the martensitic transformation (MT) occurs at a temperature Ms (martensite start) and continues to evolve until a temperature Mf (martensite finish) is reached. Similarly, during the heating cycle, the reverse transformation (martensite-toaustenite) begins at the temperature As (austenite start) and ends at Af (austenite finish) when the material is fully austenite [2] .
Cu-Al-Mn alloys have good shape memory properties, excellent ductility, interesting magnetic properties and they represent commercially attractive Cu-based SMAs [5] .
In recent years, many studies have been carried out in order to improve the properties of Cu-Al-Mn systems by adding other elements such as Ni, Ti, Mg, Fe [6, 7] .
In this work, the influence of Ag addition on microstructure and shape memory properties of the Cu-10%Al-8%Mn alloy was investigated. Two alloys with designed compositions Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag were prepared by induction melting of pure metals. Microstructures of the prepared samples were investigated in the as-cast state, after homogenization annealing and after quenching using SEM-EDS. Transformation temperatures of the investigated alloys were determined using DSC technique.
Experimental procedure
Two alloys with designed compositions Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag were prepared by induction melting of calculated quantities of pure copper (99.99%), aluminum (99.97%), manganese (99.95%) and silver (99.99%) in the graphite crucibles under a charcoal cover. The cylindrically shaped ingots (10 mm diameter and 30 mm length) were produced.
Prepared ingots were homogenized at 850 °C for 5 hours and cooled inside the furnace. After that alloys were subjected to β-annealing at 850 °C for 1 hour and quenched with the ice water.
Samples used for the scanning electron microscopy (SEM) observations were mechanically grinded and polished. Subsequently, they were etched with a solution containing 2.5 g FeCl 3 ·H 2 O and 1 ml HCl in 48 ml methanol.
TESCAN VEGA3 scanning electron microscope with energy dispersive spectroscopy (EDS) (Oxford Instruments X-act) was used for microstructure investigation of the prepared alloys and the measurements were carried out at 20 kV.
Martensitic transformation temperatures, which are according to the predicted results obtained by using empirical equations from literature close to the room temperature, were studied on DSC analyzer Mettler Toledo 822e. Measurements were done in an inert atmosphere, through 2 heating/cooling cycles from -50 to 250 °C with heating/cooling rates 10 °C/min.
Calculation of phase equilibria
Calculation of phase equilibria in the Cu-Al-Mn ternary system was performed using CALPHAD (calculation of phase diagrams) approach [8, 9] based on the thermodynamic description published by Miettinen [10] , which is valid for the copper rich-side of ternary Cu-Al-Mn phase diagram. Thermodynamic assessment of the quaternary Cu-Al-Mn-Ag system has still not been published in the literature.
CALPHAD method is based on a calculation of the Gibbs energy of a phase as a function of its composition, temperature, and pressure. Gibbs energy data for all phases appearing in the investigated system are defined as polynomial functions in the thermodynamic database. Calculation of phase equilibria is performed using Gibbs energy minimization software [9] .
Results and discussion

Phase equilibria calculation
In order to predict equilibrium phases for the investigated ternary Cu-10%Al-8%Mn alloy, calculation of the phase equilibria in the Cu-Al-Mn ternary system was performed using thermodynamic parameters from the thermodynamic assessment of Miettinen [10] . It is important to note that, because of the lack of data, the disorderorder phase transitions of the β (Bcc) phase from A2 to B2 and B2 to L21 were not considered in the thermodynamic assessment by Miettinen [10] . However, it is known that during quenching from the β phase mentioned alloys undergo the following ordering reactions: β (A2) → β2(B2) → β1 ((L21). With further fast cooling, depending on the alloy composition and previous heat treatment, three types of martensite can appear in the microstructure: α' (3R), β 1 ' (18 R) and γ 1 ' (2H) [11] [12] . Fig. 1 shows calculated phase diagram at 850 °C of the Cu-Al-Mn ternary system using optimized thermodynamic parameters from Miettinen [10] and Pandat software [13] with the marked overall composition of the Cu-10%Al-8%Mn alloy investigated in this study.
Fig. 1. Calculated phase diagram of Cu-Al-Mn ternary system at 850°C with the labeled overall composition of the Cu-10%Al-8%Mn alloy (square).
According to the calculated phase diagram at 850 °C shown in Fig. 1 , the overall composition of the Cu-10%Al-8%Mn alloy belongs to phase stability region of the β (Bcc) phase. Figs. 2 and 3 show calculated vertical section with 82 wt.% of Cu and calculated phase fractions with temperature diagram under equilibrium conditions for the Cu-10%Al-8%Mn alloy.
Fig. 2. Calculated vertical section with 82 wt.% of Cu with the labeled composition of
the Cu-10%Al-8%Mn alloy.
Fig. 3. Calculated phase fractions with temperature diagram under equilibrium conditions for the Cu-10%Al-8%Mn alloy.
The large stability region of -phase can be observed at high temperatures. During the equilibrium cooling the β phase undergoes a ternary eutectoid transformation β↔α+γ+ 3 (Cu 3 Mn 2 Al) at 393 °C. It can also be noticed that under equilibrium conditions,  3 (Cu 3 Mn 2 Al) ternary phase is a stable phase at room temperature in wide composition interval. However, during fast cooling β phase can transform into the martensite phase.
Microstructures of alloys after induction melting
Microstructures and phase compositions of the Cu-10%Al-8%Mn and Cu10%Al-8%Mn-4%Ag alloys after induction melting were investigated using SEM.
Overall chemical compositions of the investigated Cu-Al-Mn and Cu-Al-MnAg alloys were checked using EDS area analysis. Designed and average overall chemical compositions of the investigated samples obtained by EDS analysis are given in Table 1 . As it can be seen from Table 1 there are small deviations between designed and experimentally determined overall compositions for both investigated alloys.
Characteristic SEM micrographs of the investigated bulk alloys after induction melting are shown in Fig. 4 .
Based on the obtained results of microstructural analysis it was determined that after induction melting both investigated Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag bulk alloys have similar two-phase microstructure which includes predominant amount of martensite phase and small α precipitate particles irregularly distributed in and along the boundaries of martensitic grains.
The fine plate-or spear-like martensitic groups (most probably β 1 ' martensite with a monoclinic 18R 1 structure) [14] [15] [16] are observed in the microstructure of both investigated alloys (Figs. 4a and 4b) . Microstructures of homogenized alloys SEM micrographs of the investigated Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag bulk alloys after homogenization annealing at 850 °C for five hours and cooling inside the furnace are presented in Figs 5a and 5b.
Again, the microstructures of the both investigated alloys were similar and included matrix phase with the lath structure (light phase) and α precipitates (dark phase).
Fig. 5. SEM micrographs of investigated bulk alloys after homogenization annealing at 850 °C for 5 hours and slow cooling: (a) Cu-10%Al-8%Mn alloy, (b) Cu-10%Al-8%Mn-4%Ag alloy.
Average chemical compositions of identified phases were determined using EDS analysis and shown in Table 2 . The dark phase has a higher amount of copper and lower amount of aluminum than the light matrix phase. The manganese amount is somewhat higher in the light phase in both investigated alloys. In the Cu-10%Al-8%Mn-4%Ag alloy silver is dissolved in both phases (4.2% in the light phase and 2.9% in the dark phase). It can be concluded that dark phase represents Cu-rich α phase. 
Microstructures of the quenched alloys
Microstructures of the Cu-10%Al-8%Mn alloy and Cu-10%Al-8%Mn-4%Ag bulk alloys after quenching were fully martensitic as it is shown in Fig. 6 . It should be noticed that the observed bright and dark regions are related to morphology and surface topography of the studied samples and not to the presence of different phases. Morphology of martensitic structure in the as-quenched alloys was somewhat different than after induction melting. Beside the zig-zag martensitic groups, which are characteristic of β 1 ' type of martensite, the microstructure of the both investigated alloys included coarse variants which are characteristic of γ 1 ' martensite (orthorhombic 2H-type) [14, 15] . The reason for this could be longer holding-time in the parent-phase (after homogenization annealing and β-solutionizing), which improves the order degree and condition for the formation of γ 1 ' martensite [14] .
Martensitic structures of the quenched alloys under larger magnification are presented in Figs. 7a and 7b . 
Experimental investigation of transformation temperatures for the as-quenched alloys
Martensite and reverse martensite transformation temperatures for the Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag as-quenched alloys were studied using two DSC heating/cooling cycles in the temperature range from -50 to 250 °C. Fig.  8 presents second DSC heating/cooling cycle obtained for the Cu-10%Al-8%Mn alloy.
Fig. 8. DSC heating and cooling curves for the as-quenched Cu-10%Al-8%Mn alloy.
Martensite start temperature (Ms) was obtained as the temperature of the extrapolated peak onset while the martensite finish temperature (Mf) was determined as the extrapolated peak endset temperature on cooling. Two distinct successive exothermic peaks in the temperature interval from about + 30 °C to -40 °C were detected during the cooling run (Fig. 8) . The onset of the first peak was at 27.2 °C(Ms) and extrapolated endset of the first peak was 6.1 °C (Mf). The extrapolated onset temperature of the second detected peak was 2.7 °C (Ms') and extrapolated endset was -33.4 °C (Mf '). The manifestation of two consecutive peaks during cooling suggests that martensitic transformation occurs in two steps. This could be due to the formation of different martensitic structures [17] . However, on heating related endothermic peaks for reverse martensite transformation (martensite to austenite transformation) were not identified. This result suggests that martensite formed by direct quenching from high temperature is highly stabilized. The stabilization of martensite in many copper-based shape-memory alloys is well-known effect resulting in an increase of the reverse martensitic transformation (As, Af) temperatures [18, 19] .
DSC thermogram of the second heating/cooling cycle for the as-quenched Cu-10%Al-8%Mn-4%Ag alloy is given in Fig. 9 .
Fig. 9. DSC heating and cooling curves for the as-quenched Cu-10%Al-8%Mn-4%Ag alloy
Similarly, to the DSC cooling curve for the Cu-10%Al-8%Mn as-quenched alloy, DSC cooling curve for the Cu-10%Al-8%Mn-4%Ag as-quenched alloy also included two consecutive exothermic peaks at low temperatures. First detected peak was in the temperature interval from Ms=29.5 °C to Mf=5.2 °C. Second detected peak was in the temperature interval from Ms'=0.2 °C to Mf '= -48.8 °C. As in the case of Cu10%Al-8%Mn as-quenched alloy, peaks related to the reverse martensite transformation were not detected during heating runs.
Mallik and Sampath [11] proposed following empirical equations for prediction of Ms and Mf temperatures of the ternary Cu-Al-Mn SMAs: For the Cu-10%Al-8%Mn alloy they give: Ms= 54.7 °C and Mf= 35.4 °C. It can be seen that predicted Ms and Mf values are noticeably higher than experimentally determined values obtained in this study. However, it should be noticed that the applied empirical equations for prediction of Ms and Mf temperatures are very sensitive to the composition of alloys. It could be that the actual composition of the studied alloy varies slightly from the designed one, which was also established by results of EDS analysis presented in Table 1 .
Conclusion
Microstructure and phase transitions of Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag SMAs were investigated in this work. The microstructure of prepared bulk alloys was investigated in the as-cast state, after homogenization annealing, and after direct quenching into the ice water.
Based on the results of microstructure and thermal analysis following conclusions can be made:
1) The microstructure of the as-cast Cu-10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag alloy is primarily composed of martensite with a small amount of α-phase precipitates along the grain boundaries and inside the grains.
2) After homogenization annealing at 850 °C and slow cooling microstructure of both investigated alloys includes the lath-type phase in the matrix and a considerable amount of irregularly distributed α grains. Silver was evenly distributed among both identified phases.
3) Direct quenching from the 850 °C into the ice water produce a fully martensitic structure in both investigated alloys.
4) Martensite and austenite transformation temperatures of the as-quenched Cu10%Al-8%Mn and Cu-10%Al-8%Mn-4%Ag alloys were determined using DSC heating/cooling runs.Two distinct successive exothermic peaks in the temperature interval from about + 30°C to -40 °C were detected during cooling runs. These results imply that austenite to martensite transformation occurs in two steps during cooling. It could be due to the formation of different martensitic structures. Silver addition does not change martensite transformation temperatures significantly. Direct quenching of alloys into the ice water resulted in stabilization of obtained martensite and reverse martensite transformation temperatures were not identified in the investigated temperature range.
